This article focuses on a novel robust adaptive sliding mode control strategy of an electro-hydraulic force loading system with consideration of external disturbances and parameter uncertainties. To obtain the proposed controller, the nonlinear dynamic model of the electro-hydraulic force loading system is firstly provided, where external disturbances and system's uncertain parameters are merged. Then, with consideration of external disturbances and parameter uncertainties, a robust adaptive sliding mode controller for the force control system is proposed and designed according to Lyapunov stability theory. The proposed controller has the merit of suppressing chattering phenomenon in traditional adaptive backstepping controllers when designing sign functions. In order to verify effectiveness and feasibility of the proposed controller, experimental studies are implemented on an electro-hydraulic force loading system by xPC rapid prototyping technology. Experimental results demonstrate that the proposed controller exhibits more excellent performance on force tracking control in comparison of a traditional proportional-integral controller and an adaptive backstepping controller.
I. INTRODUCTION
Electro-hydraulic force loading systems (EHFLS) play an irreplaceable role in aerospace industry [1] , automobile industry [2] and civil engineering [3] , [4] for factitiously imitating the force loading imposed on a test specimen so as to evaluate original performance and potential problems of the specimen. EHFLS systems exhibit the superiorities of rapid response, large stiffness, and excellent force loading capability [5] - [8] .
In the case of parameter uncertainties and external disturbances, the force tracking performance of EHFLS system has been extensively studied by scholars and various methods
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have been proposed. The conventional Proportional-Integral-Derivative(PID) controller was applied by Alleyne in [9] , from which it can be observed that traditional PID controller is insufficient for force tracking due to design limitations of the control parameters. In [10] , Alleyne and Liu indicated that a satisfactory tracking performance cannot be ensured with a traditional PID controller for the EHFLS. To modify the deficiency of the traditional PID control method, a grey predictor fuzzy PID controller was proposed in [11] for a hybrid cylinder, which was employed to develop the force loading system. In [12] , a force tracking control method of an aerodynamic load simulator was designed by the quantitative feedback theory (QFT). In order to realize real-time force tracking control of an electro-hydraulic road simulation system with external disturbances and parameter uncertainties, VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ a low-order QFT controller was presented in [13] , and then a back-propagation control method was employed to online adjust QFT parameters in [14] so as to be suitable for a variety of work environments. However, parameters uncertainties and external disturbances such as dynamics of hydraulic cylinder, dead zone, friction between cylinder rods and bores make high-accuracy control algorithms inaccessible for the EHFLS. Recently, various control algorithms for nonlinear systems have been proposed by scholars. The backstepping method is a systematic design approach based on Lyapunov function, which can ensure the closed-loop system's stability, tracking performance and transient characteristic for most strict-feedback systems [15] . Park [16] came up with a conventional backstepping control algorithm to guarantee the synchronization of a Genesio chaotic system. However, the above-mentioned control methods cannot account for parameters uncertainties. Therefore, the adaptive control strategy was utilized to address the system's uncertain parameters. A nonlinear adaptive controller with adaptive law is proposed in [17] , [18] to deal with the nonlinear uncertain parameters caused by the change of the original control volume. In [19] , taking the active motion disturbance, flow nonlinearities and parameter uncertainties into consideration, a high performance robust nonlinear adaptive controller was proposed for an electro-hydraulic force loading system. In order to overcome the issues resulted from the external disturbances, a novel robust adaptive excitation control method was designed in [20] for multimachine power systems. Guo et al. [21] presented a parameter adaptive backstepping controller to reject parameter uncertainties and unknown disturbance, which can improve the tracking performance of an electro-hydraulic system.
Owing to mature theories and numerous successful applications, sliding mode controller has been well-known in nonlinear control field. Ravandi et al. [22] combined fuzzy logic with traditional sliding mode controller for solving hybrid force and position control problem of a robot manipulator in uncertain environment. An adaptive sliding mode control algorithm is given in [23] for a class of nonlinear multiple-input multiple-output system subjected to external disturbances with consideration of system chattering. Plestan et al. [24] presented an adaptive version of sliding mode controller for displacement and force tracking control of a pneumatic actuator in view of parameter uncertainties and external disturbance. A hybrid force/position control method for a flexible joint robot based on the adaptive sliding mode control was proposed in [25] .
In this work, the nonlinear model of the EHFLS in consideration of both external disturbances and parameter uncertainties is firstly established. Secondly, an adaptive backstepping controller considering external disturbances and parameter uncertainties is designed to improve force tracking performance in comparison of the common PID controller. Finally, in order to modify the imperfection caused by the sign function, a novel robust adaptive sliding mode controller (RASMC) is proposed to strengthen the system robustness.
The contents of this work are organized as follows. Dynamic model of the EHFLS and its experimental setup are shown in Section 2. The control methods utilized in this work are given in Section 3. Experimental validations on the EHFLS test bed are presented in Section 4. Concluding remarks are presented in Section 5.
II. EXPERIMENTAL SETUP AND SYSTEM MODELING A. EXPERIMENTAL SETUP OF EHFLS
An experimental system of the EHFLS utilized to implement the proposed control strategies is presented in Figure 1 . As shown in the figure, the experimental system consists of a real-time control system based on MATLAB/xPC target, a moving platform, a specimen, a force loading cylinder, an external disturbance cylinder, and a hydraulic power supply with 16Mpa supply pressure and 400 L/min flow capacity. The two hydraulic cylinders have 80 mm bore and 60 mm rod, and the cylinders are driven by two Moog servo-valves with 38 L/min flow capacity at 7MPa supply pressure. The two servo-valves are employed to exert loading force and generate external disturbance on the specimen, respectively. To obtain the real time force inflicted on the specimen, a force sensor is installed between the force loading hydraulic actuator and its corresponding spherical hinge. Two magnetostrictive displacement sensors are applied to measure realtime displacements of the force loading cylinder and the disturbance cylinder, respectively. The pressure difference of each hydraulic actuator's two chambers is obtained by two oil pressure sensors, respectively. A PCB accelerometer is mounted on the platform to measure the acceleration information. Figure 2 demonstrates the physical implementation of control system for the discussed EHFLS, and the whole system is established based on xPC/target rapid prototyping technology. The control hardware is comprised of an Advantech IPC-610 computer, 16-bit A/D board PCI-1716 for collecting sensor signals, 16-bit D/A board PCI-6208 for sending out control signals, a host computer, and other auxiliary accessories. The Advantech computer is equipped with xPC/target real-time operating system, and both A/D and D/A boards are inserted in the PCI slots of the Advantech computer. The host computer provides a human-computer interaction interface for operators, and it is communicated with the Advantech computer by TCP/IP protocol. The proposed control algorithm together with other comparative methods is programmed on the host computer using MATLAB/Simulink, and then the real-time executable codes are generated by Microsoft Visual Studio. The sampling rate of the experimental system is chosen as 1000Hz so as to ensure an acceptable performance. Figure 3 shows the working principle of electro-hydraulic cylinder that is used to generate force. The purpose of EHFLS is to make the hydraulic actuator track reference force as closely as possible. The nonlinear mathematical model of the EHFLS system is given as follows.
B. SYSTEM MODELING OF EHFLS
The first formulation to establish the system model of EHFLS is the force balance equation using the Newton's second law, and it is given as follows
where x p is displacement of the piston, m p is equivalent mass acting on the piston for EHFLS, A p is the effective acting area of the hydraulic actuator, P L is pressure difference between two chambers of the actuator, B p is external viscosity coefficient, and F p is the imposed force for the tested specimen. The second formulation for EHFLS modeling is the load flow continuity equation considering oil compressibility and leakage, and the load flow Q L is described as
where C tp is the total leakage coefficient expressed as C tp = C ip + C ep /2, where C ip and C ep are internal and external leakage coefficient respectively, β e is the oil effective bulk modulus, and V t is the hydraulic actuator's total chamber volume.
In addition to the above two formulations, employing the Hooke's law principle, the force acting on the force sensor can be expressed as
where k f is the stiffness of force sensor, x d is displacement of the disturbances generate hydraulic cylinder. Referring to (1)-(3) and defining the system state variables 1 and 2 are uncertain external disturbance, Q L is regarded as the control input. As for system parameters of (4), the physical parameters B p and C tp are inevitably changing during experiment, which makes the force control of EHFLS more difficult. Figure 4 shows the framework of the proposed controller for the EHFLS, from which it can be seen that the proposed RASMC is composed of a sliding mode controller with adaptive laws. The proposed control method can modify VOLUME 8, 2020 traditional adaptive backstepping controllers by suppressing chattering phenomenon resulted from the design of sign function. The stability of the EHFLS with the proposed controller is guaranteed by Lyapunov stability theory. By means of the RASMC, the load flow from the valve to the chambers of the hydraulic actuator can be obtained, and then the practical output voltage to the servo valve can be obtained using a Flow-Voltage converter.
III. CONTROLLER DESIGN

A. ADAPTIVE BACKSTEPPING CONTROLLER
Adaptive backstepping controller is an effective method for addressing the external disturbances and parameter uncertainties of a nonlinear system. In this article, the value of control input Q L according to the adaptive backstepping control can be designed according to the following three steps.
Step 1: Define the force tracking error e 1 as
where x 1r is the value of reference force. Substituting (4) into (5), we obtaiṅ
Define the deviation of x 2 from its virtual control variable as
where α 1 is the virtual control variable of x 2 . Construct a Lyapunov functional for (5) as
and then the time derivative of V 1 with consideration of (7) can be expressed as followṡ
Referring to (9) , it can be seen that if α 1 = (−k 1 e 1 −k f e 2 − k fẋp − 1 +ẋ 1r )/k f and k 1 ≥ 0, the time derivative of can bė V 1 = −k 1 e 2 1 ≤ 0. However, since α 1 cannot contain e 2 and 1 , so the virtual control should be designed as
Substituting (10) into (9), the time derivative of V 1 is deduced asV
Remark 1: As can be observed in (11) , the time derivative of V 1 is negative semi-definite if e 2 and 1 are zero. Therefore, the next step is to make e 2 and 1 equal to zero.
Step 2: Referring to (10), we havė (12) and then substituting (4) and (12) into (7), we obtaiṅ
Defining the parametric error asθ 2 =θ 2 − θ 2 , whereθ 2 is the estimated value and θ 2 is the actual unknown, the time derivative of e 2 can be rewritten aṡ
Next, defining Lyapunov function V 2 as
where γ 2 is the gain of parameter update law forθ 2 . It is reasonable to assume that the unknown parameter θ 2 is slowly changed, and then time derivative of V 2 can be written aṡ
Defining the virtual control variable of x 3 as α 2 , the deference between x 3 and α 2 can be expressed as
Substituting (17) into (7) yields that
where k 2 ≥ 0. Substituting (18) into (16) , time derivative of V 2 can be deduced aṡ
Remark 2: As can be seen, (19) is negative semi-definite provided that e 3 and 2 are zero. Therefore, the next step is to make e 3 and 2 equal to zero.
Step 3: As the final controlled variable x 2 is visualized, virtual control variable is no longer needed at this step.
Referring to (18) , time derivative of α 2 can be expressed aṡ
where
Combining the (21) and (24), we obtaiṅ
To deal with the unknown parameters θ 4 and θ 5 , the estimated valuesθ 4 andθ 5 are defined. The differences between the estimated value and the unknown parameter is expressed asθ 4 =θ 4 − θ 4 ,θ 5 =θ 5 − θ 5 , and then (21) can be rewritten asė
Defining Lyapunov function
where γ 4 and γ 5 are parameter updating gains forθ 4 andθ 5 , respectively. Similarly, the unknown parameters θ 4 , θ 5 are also regarded as slowly changed, and we can obtaiṅ
Next, the actual controlled variable Q L can be designed as
Combing (24) and (25), the time derivative of V 3 can be rewritten aṡ
− F 3 sgn(e 3 )] +θ 2 γ −1 2 (θ 2 + γ 2 (e 2 x 2 + Ae 3 ))
To guarantee the stability of EHFLS, the value ofθ 2 ,θ 4 anḋ θ 5 are chosen as followṡ θ 2 = −γ 2 (e 2 x 2 + Ae 3 ) (28)
and then we can obtaiṅ
− F 3 sgn(e 3 )] ≤ 0 (31)
B. ROBUST ADAPTIVE SLIDING MODE CONTROLLER
Referring to (25) , it is obvious that the actual controlled variable Q L contain three sign signal items. Moreover, the signal items are related to three different errors, which increases the difficulty of parameters design. In addition, the gains of parameters update law forθ 2 ,θ 4 , andθ 5 also needs to be selected. To address the above-mentioned issues, the following state space function that combines the parameter VOLUME 8, 2020 uncertainties and external disturbances is given as
As for the modified state space function, the proposed robust adaptive sliding mode controller is designed according to the following steps.
Step 1: Similar with the design process of the adaptive backstepping controller, defining force tracking error e 1 as
Defining a virtual control variable as
and then combing force tracking error e 1 and virtual control variable α 1 , another error is expressed as
Combing (33) and (35), we obtaiṅ V 1 = e 1ė1 = e 1 (e 2 − c 1 e 1 ) = −c 1 e 2 1 + e 1 e 2 (37)
Step 2: Defining a virtual control variable as
and combing error e 2 and virtual control variable α 2 , another error is expressed as
Constructing a Lyapunov functional for error e 2 as
and then we obtaiṅ ..
..
Step 3: Defining a sliding mode switching function σ = k 1 e 1 + k 2 e 2 + e 3 (43) and defining a Lyapunov function for the sliding mode switching function σ as
the following result can be concludeḋ ..
where κ 0 , κ 1 , κ 2 , and κ 3 are the combine like terms in (45). Referring to (45), we obtain
Next, combing (45) and (46), we obtaiṅ where e = e 1 e 2 e 3 .
If the matrix Q can be positive definite, we obtaiṅ
By selecting appropriate values of h, c 1 , c 2 , k 1 , and k 2 , the matrix Q can be positive definite. Then, we obtainV 3 ≤ 0, which ensure the stability of system.
As can be seen from the (46), there are also four sign function need to be designed, which may result in chattering phenomenon on the system. To further improve the control input, define estimate values of the combination values of external disturbances and parameter uncertainties asΥ 1 ,Υ 2 , andΥ 3 . Then, the parameters' estimation error can be defined asΥ 1 ,Υ 2 , andΥ 3 , whereΥ 1 
and then we obtaiṅ
Referring to (54), the following results can be concluded
The adaptive laws are expressed aṡ and then referring to (50), we obtaiṅ
Therefore, the stability of system can be guaranteed when the matrix Q is positive definite. For electro-hydraulic systems, the load flow Q L of a servovale is written as
where C d is valve flow coefficient, ω is valve area gradient, ρ is hydraulic oil density, P s is pressure of oil supply system, x v is valve spool displacement. Due to the fact that response frequency of the EHFLS is significantly slower than that of the servo-valve, the valve spool displacement can be approximately expressed as:
where u v is the control voltage and k v is a conversion factor. Substituting (62) into (61) yields that
where u L is the final computed voltage for obtaining the designe Q L in (55). As for the adopted servo valve, the relationship between pressure drop and corresponding rated flow is expressed as:
where u max is the saturated input voltage and P r is the certain valve pressure drop. VOLUME 8, 2020 
and then (65) can be expressed as 
IV. EXPERIMENTAL RESULTS AND ANALYSIS
In order to confirm the feasibility of the proposed controller, experiments are conducted on the established test bed, whose main parameters are shown in Table 1 . In this work, the conventional PI controller, adaptive backstepping controller (ABC), and the proposed RASMC are employed to the test bed for comparisons. i. PI controller: For PI controller, the control voltage is obtained just by the force tracking error, which ignores external disturbances and parameter uncertainties. The control voltage is computed as u = K p e 1 + K I e 1 , where K p = 0.0008 and K I = 0.025. ii. ABC: For the ABC, backstepping technology and adaptive updating law are employed to address parameter uncertainties and external disturbance. The control voltage is computed by (25) , in which k 1 , k 2 and k 3 are gains that are employed to ensure stability of the EHFLS, whose values are k 1 = 150, k 2 = 2.5 × 10 8 , and k 3 = 2.5 × 10 5 . The parameter update gains are γ 2 = 2.5 × 10 −11 , γ 4 = 4 × 10 4 , and γ 5 = 5 × 10 −12 .
The parameters that utilized for sign function to compensate external disturbance are F 1 = 150, F 2 = 350, and F 3 = 200. iii. RASMC: For the RASMC, sliding mode technology and adaptive updating law are employed to address parameter uncertainties and external disturbance. The control voltage is computed by (46), where h, β, c 1 , c 2 , k 1 , and k 2 are gains employed for stability insurance of the EHFLS, whose values are h = 450, β = 500, c 1 = 8000, c 2 = 10000, k 1 = 1000, and k 2 = 1500. The parameter update gains for the combined disturbances are ε 1 = 500, ε 2 = 300, and ε 1 = 700. In order to compare the control performance of the adopted three different controllers, two same external disturbances including random position and step position disturbance are selected in the experiment. The random position disturbance is set as amplitude 1mm and frequency 10 Hz. The step position disturbance is set as amplitude 0.5 mm and frequency 2 Hz. The reference force signal was set as random force, whose amplitude was set as 0.5 mm, frequency range is set as 2 Hz.
The force tracking curves and its corresponding tracking errors for the adopted three different control algorithms subjected to random position and step position external disturbance are shown in Figures 5-10 , from which it can be observed that the force tracking error with the conventional PI is much bigger than that with the ABC and the proposed RASMC. As can be noticed from Figures 7-10 , with the consideration of system's parameter uncertainties and external disturbance, the proposed RASMC can further alleviate the force tracking performance on chattering phenomenon resulted from the extreme external disturbances. Figure 11 -12 present the compensation values for sign functions and sliding mode adaptive laws with different external disturbances. It can be noticed from Figure 11 -12 that the sliding mode adaptive laws can modify the compensation values from square signal with time-varying frequency to gradually changed values.
To more effectively compare the performance of difference controllers, the root mean square error (RMSE) is utilized and the RMSE index is expressed as
where R in,i represents the reference signal sequence, R out,i represents the output signal sequence, n represents the signal length. Utilizing (68) , the RMSE and peak error for force tracking performance of different controllers are exhibited in Table 2 and Table 3 .
V. CONCLUSION
This article focuses on a novel robust adaptive sliding mode control method for force tracking control of EHFLS with consideration of parameter uncertainties and external disturbances. In order to obtain the proposed controller, the nonlinear model of the EHFLS is firstly established, and the system's uncertain parameters and external disturbances are merged. Then, a robust adaptive sliding mode controller is proposed, and the desired control output for the force control system in presence of parameter uncertainties and external disturbances can be obtained to guarantee the force tracking control performance. Stability of the closed-loop system with the proposed controller is analyzed using Lyapunov stability theory. The proposed controller can modify traditional adaptive backstepping controllers by suppressing chattering phenomenon resulted from the design of sign function. Experimental studies were conducted on an electro-hydraulic test bed with the help of xPC rapid prototyping technology.
Experimental results indicate that the proposed controller exhibits more excellent performance on force tracking control than the conventional proportional-integral controller and adaptive backstepping controller. 
